“Calhoun 


Institutional Archive of the Naval Postgraduate School 





Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1988-03 


Flow visualization on a small scale/ 


Hixson, Roy Lester Ill 


Monterey, California. Naval Postgraduate School 
http://ndl.handle.net/10945/23239 


This publication is a work of the U.S. Government as defined in Title 17, United 
States Code, Section 101. Copyright protection is not available for this work in the 
United States. 


Downloaded from NPS Archive: Calhoun 


: Calhoun is the Naval Postgraduate School's public access digital repository for 
/ (8 D U DLEY research materials and institutional publications created by the NPS community. 
«ist : Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 


NY KNOX appointed — and published — scholarly author. 


LIBRARY Dudley Knox Library / Naval Postgraduate School 
411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 





http://www.nps.edu/library 


42<9 


cata 





li aie oul sad. “=e 0 a. MES svguae aninae SRAPoe 6,3 19 ra’ 
‘ tee a a ‘ Pi Saale a Ml rhs 
af. ‘3 P L 






























































































































































































































































































































































































































as BGREO D.Par era Teas eLPAD@! a? re 
; : ‘ Re _ ai 4 4 BP hi dete ft ai ite oh Se Maes is O cpeqeretaa. 
I iJ 
: tl 1 Hee SIRE dU ach dian DNC nage, rey ery) 
base a Satna aey tos 4:3 6 A8 ch. babgnces tpnnad eneage cabr 
$8 a” ef sr AAdaev, LE Srysd netsh ee MBC 2 a8) 9 mats #9 
a U 5 tua 4 tos6 ret ray repo abe nee ther ‘ 1D Ae at ora SAGE 
6 ‘ ona 4 ay ott be , Z!, Ue. mA. me Me Be Bere) FA aa 8 hee. * 
; ee en re Ot a¢ oe su Afton ‘ures athe “barnes. EM PRED 6 99 A 
‘ 4 ry wh #3 %, Cre sdlah Raatoet ty) RM MEA BSA? 5 ped CRORES map . 
' 4 2 é 3.° Fh Stes gta “9 he WERE AE 1 wot Mn BOS Oo es ty MeDO gepneryM amet 9° 5% 
) . iv “Afood. SidAbeRgee 5 DP er nn AERA y Oe Ag aree Rp to0 AB kohe RattOels 9 50 
: ane e 4 ts a de CEeensh PRED MPs Be y Som Ep ented m gebe ts shade! 40 erry 
A uF da ! a Jee esate? ‘ * pees coe 
3 ony e ‘sags =S 9 afthe Nig a2, ‘swe ihe 6 meet aw tha een ober 
a rer re Yay T he pr ow Aes a ret Aiea A> je Madde hy © age vest Sie hte nee yang ha sened sowme O55 a 
: er me tye ce ah iA 5bt ie b pte” aie eee f s Dkna send Ag ton 
, 45 te® a =) 4b ' RY i ey baat 
. ¢ ; uP) 8 ty i a arly en resshd @ Poa urine: aanrnee BEA Pate : preps syed O99 Osh Dam 1959 
4 ‘peeeu ig 4 Wgeetearar | ah tae 806 Pat Grn) for Sad easy iaeind 4 + A Biiedaniaent 
. ' Pode 8 | Mate ng CUR FLO OM ANU Wray es pl e i a, ‘portato’ £1. ee po lee Se 0 
. Aedds FA in ae? tarts a24 @. a ‘ ‘Ade eets aa Bi rade avepnatakesteheesaaneieee fgeatersers 
“ ‘ i , i i ee Moles’ seas Peet se bg se in ’ atttaedianee yea ph Os eee rameses 
‘ tt. : tag “¥ 2 9 , Sete: tae regs, Ry ntl aecel Se aa assis ase, 
' : . i : ») 15. : i \ Maao Seana ? evant: as Oe Sthise re. 4en 6 
Ph , ) : mit 1 rine ; rey a yy .* REA wr as ee A ABA, 2 rat ‘asinege a. B. Bim As® gh a, 
j re ail hate L hdeertanase® . EB UNARIO1E DT MAFAB Ba gag 9. ao ane 
' tae “guae hs a de 1a he Silla" 8°40 486 OG: ns “. semis nae a Pamal aee Am tm 
teat < J. Atha raga 
7 ’ ae aor b Pr] ° % vad saps © ff bas Y De poe] Let AFL“ Be 1ie.a, Se ht ks ae opt Are ctoneaaea a es, 
Rr as B a ONE 4 % oa sMoh abe, na fale pas Mt ge Tanehea Pte sin ben ard 20 dh Be we G08 Dk Bg 
4 . yi AQiar | “Mpigrge og ¢ dre atu: o- As ae TP persy hi yar ist Se Hey 4 dg 
g a 2 1 Qs wh eb gens Pt) oui 4 thts ats oy rn a4 ray rt Meee 
u ete) * ASA, 92% 28. tod sta! dacd, am oa ae wlhtacte es 1S Lh teted se bensse 8 vr t 12-1 Cabra 
2 = ; F & to r aer PY) ma Oe" 8 B49 1 P1dgg Bag & ASM ALi! « wy ne Ad test we oh: 3 1h oS thew 
5 A 5 A Ca UR A tetensd Ale Ul birstar, * 4ivarvin Kan pol ade Ho02h Haig UAIRAA, av. nae Ed | ase pas 
at " yt ‘ . cod! gate —y op ase: ge ag "ae, ae <a 8 wel tea. Abtad & Pairs 1 Agente wy tere daa per 
. ' ' d . Siz @pugd BP WAS rotadze Boe a > AtED "OLE 44 pet a pai a 1M, Wis ee heer. an a8 Pa, 
1 ‘ ~ i a Boe @ 6:3 tgp so A L Ste igs: $i Be, s Sate, 4, JoSh,e. a. adi % Selec (Mle ON Qe, MEO Badger, 3,4 408 BOR eeias 
. . . ie ' > %& 14 “ f : Hae Bag A FL a gyfesy ots tiare an sr opt, * mareesas Ania gon. 2AM Cech ae + Mea ay 
OP : iat oi LnBAS #8 BOERS P4tey 05 1 Pre tet a ‘aak> AED luted | Fle aed 9 bs NEAR v6 2 
1 ea 4 ¢ 4 Hg or? dnp rad D ma, | 1 Ade Qgege op a? e 4. aft he ae raat ey hnaes gue ‘. Pedy he at a 
= ‘ cm . a a as 4 Jae 10 Mar 0 hat Uwehattar seh gttk iF; net 80 gree cheeythey sree Sis aed 
er har ie Bo ea i ata et tig abt es rh kite A RESI take eels Nam cericeremteageta reat 
® . A a + ‘ ae ' ’ * og ' » 
Fy 7 . 7 i ry ae “ coe ag "0 geige a aie Aleta, s . nt ta aysd ; ae +. Sheetaae te oat oa rey) tha ° ee uithe cbiachaa tags Ainsartgai meats 40B A PAARL Ow DES 
= A ’ au GU pa, od ma obbat +) \ danse 9. Maman SHON ORe un Ogee Vee so. brea, = Ret Re snr gas, enn it Par mas agiahibonregss 
Peo a = « ‘_@ Op 0 whois iP RO oh? motte re Pay FuAt BIAS gee, $ py, dae ya 3,4. cated fe nani rs ae ant ccseent ee) Aa My WME NMS, bod 
1 ‘ A o's at atY seme tas ay 1 teats A ites At tale onee ah Oe git sm Ageha? AAAs ROAR ged: Leen beet 
: ‘ oo ' uw ‘ 2 ar s'a"t 30,8 otoaly gat ae Use a gate i | rire 
‘ei tear com Bat oe @ * yAgt Apes a ong, 89 agagtat ange! Wats 9,8 yb gata 
a4 oe. ae ‘ . 1 é 1fte 8 Sts Deh SAU abe 4 2 8) ge 36% 
. fi 1 a eX 1 he ear8 te i Pye Sees + 
‘ : ; . : Sar gi ; t tolot Pn rpas ort aga Sie Oats tel obe a 
ear Page oe : : 1 ‘Pr oh & AAS ued “e ees Sock, 4g eAdARMIASS 
F 4a ‘ ' t 1 Np He, ny gee gree e 1” Mme 
- e e1 © te taetid tl md Oe PBA obey gas hee atns ra] % i. 4. teem AS 
a - oR Lesher: iw Shee te te iis eit tebe 
" 1 i a ‘Ags ‘ os We age vey an ‘ ay po 1ve8 ede wevia 
' , , i * e > ee ty rs . i & ease, vege saa 9 aunts 
oe i P Bon a ro & tanage a er, | * 8 MART Amy PA Prgtgars ise a © wun Heys ‘ay 3? pal esine ne . 
a rin + ee sue anes ‘ Ad> Amitfas 146 ” sue Pe tte *ayeg gttrAe La, Wittons 4 fag m lpi a 
rit i | ' pela 0 « Poets Pe eR OW hte “ed eum Meta MTs ohs tatoo ngs mg 
; : Tt ’ ces ‘ ts -c eeu agree ‘ pols of ba tot ef od rat 
: if ' Tg er p MrT ey ee mer iP ; faders Age NA yeas 4 
B a q ‘ o? eae re deg? ed. CO LY La ee eT ayy mt tote ed a alte btn tea 
es ee a ROO EN ad Sharp AR see Take ae 
' oe tee 1 : ie : mavien wee are, 
ares ’ itv Oe ap?" tect yet Nang. C00 asad . a ocd thr tir ry hee uy Sees sSegaases 
an hae tye . ’ r) f is\ee0 
: ‘ ‘ ‘ ‘ . “li 4 a 4 > f F,. rire ajad> . ‘ << Hs 195 gt els Teate : Aedere nt ay atta sta} Epes pa isteriie tte 68 
; nae me they ' A ot 1 my sptge « vn eUrTEt eT 8 age FE BtghON Same: pm ge Kahyd ae fanniiinn Car oohasaay Teh, neta 2 AGMA Faw 18 Gta. +; 
4 ‘ aa mst ays ho% aad (on $ Yttet oly ¢ ‘ ¥ sO, 8% eS Ba 1 ag Vw eee nt aN, was. Petia lon ties 
, rh ry) Se 2 eased 4 bar is toa ty % a3 a a at hetrels ever xan or Sea Sis calla hice 0 oat 
ov, 8 1, Seeds } fs s 44 tye Lee es. in te ‘tom eRgAangs 18 arainze st favets ne Aah 8s OO Remy he reer bd SS 
2 ‘ - Py . J (a8 ew 8 a tqy t sad 8 9gh 8 tg go; rd ts aheate pa icc eae At ep a * ae See eR Beet 
. 4 Sa E é DUR th og Tteah a8 sagozeg 20 ngs op dee C2 .t if 6. ayocaes ede ee sejroasepnan soe! = 
a CA ae SE ea Pe Le oan dete othe RegeetS efemices:aemrsierbeetee inte 
~ 70 ok 2 4 u ae a ; °] ae 7 ae Thegmeeet ft sei Masts eat age iv isp Ib ew a athena ag dhe was 90 Bhp No senpegs #8 é 
a t ' s° ay 4p Lowe sais apt age SAG ewe yt nas 
q : Voi nerns s Maes hay ®, pers ase.e 
, . as a ze one ‘ * OS it aes K ‘wis 
5 4 \ yell, neo wf 
: . a ns i a wf Man, ep cu 
. 0 Ss Usue oe ; ae b ig , yas vase ay hep 
eo one ' : : ef Ain ats. os or ieee Saye sea, 
ae t . oe ‘ . ; » "ae a _t tes : re eas gs we oe Adee oF wil | 4 sf ieee aerate peat 
5 ‘ R ' Pat ee oO t pte s efemkns tye AE ty eo Fale ce ihe senyane! yawer oot 
: iw ;. | fr oe Pie B tea a ay Nytetge ae hte tu ye + et teat « Co sieetpaeraatig. : iiluaajra Gees 
. ” ' . i ‘ ant oe 7 A Py ‘ q 
oa ar ’ . \ * . Wa Bi! * e us oe Aa oat tate tice ‘4 ent tgyhleseing e pipet ee 
et oo . Po m5 and 
' f A ww ¥ ® Vee pea Poe soe etna vad dp haae : 
. Si *¥ " idfest ashe Sere Oe ome 
2% x Veer whe te wey Fitise . wang 
mg 4m ‘ ' "a ge A» faF04 a. ae re, a led al 
“es re ae ar a a ado nte irre 
Sa ce obese 
i : F “ ig a ae eee iare satoiae 
: = iy see afess PY 1 Ah =" haber bb) - dirtee sma dy 
. ie E t's " a rhs pre gess gn Soamige 
3 ° ant ~ Ge = ss ie @, gecsinss Ving od eas oe Frets eheee 
4 5 ou SS ted ent Rete tebe Ss io aE 
td : A Me F%e sates Asaf | age pp teh: a obs 
‘ sae whedeg Perciet 2 ag "eng 
ae i Ae o megs menses ites 
' o f 4 Sr Ras nie : mae 
vy frgstle giana EW bb - = 
or —— ht es Waitt Siren aay 
~ s ip” ) & ~ 
; . 4 ts 4 an ol SOPt gue 
oe 4 
‘ $ 4 : fe fi 
eer ifn» ' hy * 
i r a wy Gg ef 
= ¢ + 8%) yw. pea! an ¢ 
. aa . mm «i, be >» aed Ut Ye 4 . . 
as ‘~ Oe it Ree - sg Pact nest bare ies 
vi fay A r Ses ae 4 sf 
re oo aw $ . AK fine S “idee 
et ik Te a | 
: . 
. . ' tees 
. - “e . fe os 
; . ‘ ’ | 
ae : \ 
. e! 
i. ’ 
# 
a1 » 
4 tad 
' 
' 
‘ abe tie 
xe af . 
2 ; pay 
a ‘ 
: , bate # ets 
f ; e€ 
oo 
' 
2 ' € 
' » 
' es) i 
. ‘ . Woe ' aoten en . 
, ao» Ais * comes, 2¢ alate goes: ahs 
' ot eeaiect te E, 
a gf of af ir: pa ! q ade go = he om a 
r oe 4": "Lt 9 
: ta Vinee ol & eee Ue ed eet 27x: ee af Aa 
cr Pe ad te F ston fant Ef Erteh Facet Aig. 6 1s sgtad ete 
ot oe , as ws Wien Bile ded sores SE dt Weheep mts nee re Crear anverae es An 
. mgt ea "¢ Sewage ne sate ns sale by h pO 19 geet } mel 
bd i + - a ° - ate ' 
as re eee a ae ee ST oo oe i 
. “ttl pe ee gee = a core Pees we + 
. * Pres (rely Pa 4 Poet caeytee- og. cl eeh Samer momeb en ae 
Ph tas : Pe ep wey Orig 5 1Sery ee é° nig 9 pe pas eh 
r] 2 oFs.s wet o, ye. we FORT Feat Seton ys £0 ha eWere g Fadia «#0 
‘ ' flys @qt et Fe rb are on size ee A ad gee Tat eee Paes tee Sik) al 
i ¥ “ Le 2 ‘Bcocene ee so 
a ere ah ae Sa wergoete tet ye Po : HE ses a IF a) ae ’ 
- rr re ec | a . ‘ aie ee € & echo lun mas, 
. ene? ee’ ee Sy ae : ner de onde wrranengicd ave rang eS 
z i be w ar ae ; ~ wit ye ao ar ad he a eng ae om wes 4 
‘ . : s = ry «ae . ae ae Pet feel ah? . di. F 2 den, i ye vty a! oh HB Oe +008 Ay A ce Debase Fd sonbes ho oaghgae +plvaees ea 
me é Pe t i - Se ghite 5 rahe 6 Fiesty An here ve APs om ee de 3° ad very arr: wees ae cb 
' a A $ me ec. r epewehe ye ge ota ne we | 8% Som 6 eter ages a en? J 4 see 20 te ee ecm, 
r ra is ee te a aS 3 ae save Parl mat = E: x i - ses: gost Senco deel aaestblscesses 2 
’ : te athe cue s gettea va eonse 1 2 fe storie ¥ vy Af . ter Tass hears oes ede are SO Pye Ome aca 8S, 
: } sts 4 Aga. =e fis Re ih GE. ght! “abs rs our ae pent “ Sea ss are Serine euch gtietanern iene oft se a webrieg do hehe 
- a o « 
patos ae tee ? ee hemi ley Sa a on Tai nen Ame pol Bolas \ecdines tac caaes oe ne agats s mavscbavelcis a 
‘ : 4 , ; : é Ly y $ LN ga . ie a D ieee See Re ey ie Me yy 47 Ses .. yoni » ee 2 ayo yin dee wv ydar Be gtecePyy 2° 8%)-" ene’ alt Loe wat 5 oo ice: pean Asae ‘1 
ve. A c ‘ ; Ve a) au, Cae ke 4 ee y phe Saretiay peek iy ye ial “at fonda ees b ee Lieto nge coe Fares intyan wer armas Senpetys ree 
* - fal ‘sr 2, ee ° ead m ete 
> 1s ae oh lg ‘ fe a oe OP Sd a oF rae ror 5, Ss aaa ‘i a niet sang “ete satel farce aistak Schge oore Cred Cobre bees sable aes o = oe mete at # 
> Ps * : - . one 
. poen te : piles ey 1 mL. tet 7 mie “aif , 5 ps girs key 7 ‘nail sha ed " bed is 7 A Ao 7° vey Pikes oe ; Peace . ' se ete + utee als 
Fy ‘ * a ‘1 sean ¢ € ed Fier his me 
. r * 1s * r eo qt che ws see 4 oo Flay Ca 1 Outer tre} re mad. é % " f te . a Spiele ~ Lath or | we slab shakira ee oot 
. . : 1 ° 1 P pin ets ' vents & Lota en she mh Sa ere Wp igs, gw oat. Finca ascii ort es mete rep Tee a on ah 
. > lle oni - he “ eo WAL eee WN oka od PL dg Mts Deve waLetent es pre thal eh Ses © Digs A aie 1 Bie UEP of «48i~nW bn oe tf Pp ve a shai 
‘ -—" , 4 3° Noli G ef He aft Wit a 1 phase hes MM Sath be A ee son (a gta Sen gaginseraeih serageeecte » steak pant yrotes : 
' J rer . . 
ie . Pac . , %% uae =. 7 flat ‘ Plog Nem te ser" fe se oH, see a" eis es pe pregep! 4 ee 4 “ase 
" se ‘ or | st li ie fl |) Mal ad < shana & 6 the if SY Meteor trates. sree eee wee oe a on Sealine 5 
wine : oe ' aus tee jaw is Yt Acs ee a ‘a ea a hg Aga y fe iv De ase one Se efacons Pe ae a 
oe vo A, eo4 wee 52e¥ : Caged ‘ ee wepowe o Di wate iicote |< appa te 
os LU 1 ¢4 0 «@# ry st ( oOo's Ars yt 7 ¢ 2S Fyes 294, “ASA * eres Pw hess mse aloe 9" cae t 
ia oe _ ee ee Ae Nn a TUE tees at Gene ata fe eeigracta spa eeu 
‘ 7 ®&) “ i} 1 & e > . 2 " 
‘ s i : Ais Sims “se re Hy eee oN ints TW pee alias oint neers fA aes ch ait, Ges at wd gp A Foods Fpyseee sae 
1d 1 . ® b & * i coun 7 "da. ra o ey fe ra ts "1 fs ae tae ; rial aad eats re ae Tosa are ey yun priate 4h 0 Bcechie! Roi 
¢ “a Us bs ge li aU . eS } f e . ie oi pb aL So fib eadwitoe td « : Gece Say 9 iret eater! 98g! wt 94% aetee od ob aie 
: » hist ie 1) wa aM or Ree 5 fa Rt. : < be f ry rad ; ¥ jpg bbe LN Spopbane Seecersee one ae weed Bed snoed tnd wine det By os 
‘ & «6 A v * ; | F <4 pe "x e * a. os igh, MUSE Hr ? tre ve greiahe f 2 Peers sade rn Pe ye ona wet Prad-hichaot ent pl her angmanbee Rat 
. ; > ie L eiik) Cae eee: ie oo 8 One Seas MM,” nl, vr neti +9, Mate at ¥ nee nore é rot ti sare eeu deeueh ope 
eA (oni ee Every i sate frase, Giteae dite SoS erape ie ins itera ae re 
. : ‘ i ngeeiene ac ar fj ie oy 8 . Ae 1 eee as agp snaaet gts es + pong eck rh ah-eaa ae 
‘ . « w what gf Sty? vat tye fetta 4 oe Je hat’ eile mek Seceirce: < 
a sage Pere <a i SI wr ees ce soni) paki geac peat sree, a 
tay we at orn a a. Or, Fe teaellt ot | cel +4 fe nr . oe re $4:2%e ated op 90 earn o> 
° i . 3 ‘ ei 7? ee f . ‘ i ne ae a dee Cae pid ee | we ae wien ac haem ates enon eehny my enon 
a 4 : - em are 2 
are vo 7 tet ptt erie ao ites a at tase ee savy cue gat elena Atay tant Ea 
' Ree ae ey a he ee, ~ fre, Rt si Pon by yon . Sota strarangerns "one. treat eciaaimaeaie ny. 
tae ators $e oO, “Baas “aiena “ nae sasee oti 
alana , uy  , any ' is ° a ¥ qs Aree ¥ i: a ae ms ' mux s vy Dry swe oe Ree edah ne Nteteterte! Pus Marnane of cae Shape 
, “a ‘ 2 a UG =e wae eee na ? ‘9 Glevseuvstuvgyes, Rarersctss 10H. alate ah ye 
P eae yea ests ; y po ESE : Poste ef ey Boag wr oe Men idee atk Paccoar te 42 ave Vale Ss EE) AG eye ad yes 
: i : rae 4 : ' ‘ Bos at ae Byrn cane we ayes a fy rae ee fe Po Fay s ets tate Sod ies eat eae Pe Mieltsiital so phage 7 A 
‘ eoune 6 o “Aes Seats a, ae ee Pe Ls eo a“ Bld ph ra Pps Pere Bisa: on ete hshadtch ae popeer = Seabees cap 
' A ne 5 ee ad Sr ee ec ee | 24 2 UP sf ove st ine poae jaietaitats ‘ Shar Wreqyg cers pf tga Liles sane scene ere fi 
oat a ‘ me A it ip +1 2 we ke mma mg i itr — Pt aL ene fl Mintel ordi | ga Casal tuepin ee pe taeda hoa TT 
. t. eo. a. | curs. oe hg Li Fta OU a aot Oe, Bye: 
ot ie na a, dag nie ears we Pie byes rt ee “e ne it " ‘Se oui Der ‘a tf E wy uy pipet poetinangt pms lenge ate ese oy 
ry te ¥ * a 
ae | 4 " a I ; = . 9 came aide on Wyant a etry av a ote " wet sueree 4 sre ig on revs sarees quan cna rear = paper nw 
r ae ae ' 1 “ “te WAU). VAG FF ee led ket) : 6h 1PM SE Pe Pgs jade < a ste tall Lbs vers epee aneuer- bag nie i poetry by Sadceowen etre, 
Saale - z= a. en, 5 eg EB Cok ats  anwsinye 1 £3 seat esto oe Hi ay emer tei [cca Sal fe 6-4 go ighripat ab Ratti les te 
» ‘ te ‘ 1 * . 3 mr] & Fe s at hy, 9 eGR, Or hal Ae A BF flag's 60 aD it ey Dey 7 85 
. ee! yeus . 4%—9 ne . AWS eh ott A ae Aree Aa. FP) on A 
OTe tee Pe TAP a eR iC NE Aan a gaat medeeiomianltnr casero pene Sat 
Ai 0 . ‘eer _ ai % co, ote “e v0 AOD 9? ye oe p re ek ABS ett ale ad 
Are 3 gs : ont ae de ie om HH we Sra: ores. aw " « ORs Me rele ten ff 2p Cras: 5 x Baltes re ipa or wintiliwssen ped |p LLcpdbdae niin can baat haredat ikea heen et 
icaias * ron ots or i U0 TM © ENE s ago “b ast a A my Ve Mac tbe te 3 i ie Br, Peat wre ES ierccat yarns vepscareetue pracbiue caren; Rel 
1 es Pe x . le 405. D> ahrne weer Ma 42 io v Pee ot adh a 7) A dys Ns: oer ke ean raed abeed cpr per nb ape ae 
. ie ; rt ‘ we of 5t1? * eyed RI", oy px y sirew Pi 4 b 70%4 be ae t ’ . Sat Breese Pca i ting erticuily “Fav W- wisnateseme 4, Og’ 
or Piety prey a ee i 7% r, Me Re FF 2 ; a a> 1D aha i Li A “we St8h « 5 i fore ek are eee Ay Res re LANCET LALT Fo ANAT Rete LES pr? elect 
’ . ae a _ oar 
oe q 4 . = ak. A : ‘ ’ a Hf a ote, ts, © iv:Ss ATA Ba . redone sen, nee date pees ae) Pesiyesory Brees Sub xh wekwyane ye ate 
a « ry La oy i ri : ome ‘ im ‘ je Fama ee 
att ea eeu i > tes ne ars : ° itis Ek : a aot bowie at ha “4 Bites: Age eee cy hay Sin aera que ante nz orase on goes woot 
. ty ¥ } vw wy 7 
“4 aa iecy feeds ‘ ak tat PT ecm sane Hunt +6 ys yb Fo apne app acti tok eos “ieaioe S1SSHS ION Moar viet bseuse eer 
ale 8 a wg “ee Ve eye our, 4 PESTO Gre Hee yea ary rn 8g 18 50Ge'9 UMM y Garey 4s srine Severe poioseon waseec® c 
ae ics 2 os “hat ° . © tee bri “te ay a. vind Fie a | nbs ee ea ces Sth Se me Bl apd 2k : ee are pre i Ses o 
. 1 oo F ; + . #1 AU ~ i 3 O% Yeates zu . Laws are ah cal ply pnt: oye vas rer renavh yee snes doth 600 ope: 
ee i ‘ ' 1 ht + . yt “he Ke 4 _ oe if, fe, We irl hoa dp! rt sates ped ae rs "; 
by i a at ae ’ 
‘ a0 6 6 ; i e s: ae Pe bee | Pair) ahs a nals = geste 
Le let am) * wie sa eee yen, 4 tga baht Datras aed pd 
‘ : j » F ' te, te, oe pee. ee tartans Meanapind % Sie eae ta eis Recahe “el event reson Serene 
, ve . ‘ Or ee CAE pets jot sepa: SAN At are’ . 
. . A - oy 3 ~~ Z = . x A”: ies - va puted 34" | ’ a saat At siibe wie any Maia egWeceinn osreb oh eh ouetean real eiagen ie yesten mwrerese Bvge sh atyte 
ae j th a" F Ut ht 4 ati b 
aa 4 ‘ ee a ee bvdee ager He. wee ty > cue nab le- cirgtagas iNateeare Heda 
j 7t ' eg re veges ree. Ae Ue is ss <a Baodad ia Pathan: Subtinases stole 
by! i” > ¥ . . Vowoes . a 
F das © any’ OA tte ieee 2a 4 BO beet Mgoferyentyre €¢ 0 usec lad 
. F J ot selena y wel ofa €49, mer. wi oor ADF wT laa 194% nM sacorwte FY rare, 
ee es y ‘ah 2 ey Fe Gaby tats Gants sommes, Pee lyse as Ls AUDREY, F WrE TERA Fie 9 paeuete ae 
er PE i oe MAL ee ai set tN 
e 'e P ss dd Bed ee - vm 
. ' ; +? AG i 4s, tlhacoalae'd eee, 23 a cf ape) ot ayereoas was 
» ¢ at? 3 . ¥ XY Liye rygyey Repters aly oe 1G ert yey, Sed IAT 1 i Seep! 2918 aye 
_ * ‘ , 4 & 0. gue ‘ LPR ne reba ht tetera, 0 yu SPD Sha SES ng! ae een Pikes ttt 
‘ = s {yee is 65 oR oh TE Star 0 en] Poa Et ’ Sh Vert wp OG 1 hAn AeBO ae bontrecans 
= : eet ‘ Ca? 5 % ays peg ry ‘ eg a eee 
. * t% ¢ fort 
‘ 1 ee : i fs oe figs. Sree th tee) tS EOS ARTETA hee 
ry . : ‘ aa ike ‘ io bi Re 9 ie a pres EM 33 » Ay at ury yee 
' eOy a ' t fi ‘4 i. } me ve v- ; fi oo . eae ete ice ty >i fag 
“ a Yn An Z 1th bo lb jen. 1 bal Sa ole a 
| a RT cc Tat nayeaees sarge wom neereramenee 
4 q t Pete> 15 a% ee Pe ee wee Urry 8s = ©: 
: i me g tse me + ty wyOyet AP we Ryo se pe geo 
f we ies > = Pe eS “ax é: a o v a 
i a i) RI LE be ae IR Se Sr 98 Phd oc Lag cad 
. 2 ‘ » 4 














NAVAL POSTGRADUATE SCHOOL 
Monterey , California 








eb 


FLOW VISUALIZATION ON A SMALL SCALE 
by 
Rove x<son LE 


$e ® 


March 1988 


Thesis Advisor: J. Val Healey 


Approved for public release; distribution is unlimited 





UNCLASSIFIED 


SECURIFY CLASSIFICATION OF Tot) A 


REPORT DCCUMENTATION PAGE 


1g REPORT SECURITY CLASSIFICATION 1b RESTRICTIVE MARKINGS 
\ = B 


Ja SECURITY CLASSIFICATION AUTHORITY 13 DISTRIBUTION/ AVAILABILITY OF REPORT 
Approved for public release; 
GiStrisuecion iS Unlimited 






2b DECLASSIFICATION / DOWNGRADING SCHEOULE 






4 PERFORMING ORGANIZATION REPORT NUMBER(S) S$ MONITORING ORGANIZATION REPORT NUMBER(S) 





Sa NAME OF PERFORMING ORGANIZATION 6b OFFICE SYMBOL Ja NAME OF MONITORING ORGANIZATION 
(if applicable) 
Naval Postgraduate School} Code 67 Naval Postgraduate School 
a a a a o = r 
x ADDRESS (City State. and ZIP Code) 1 7b ADDRESS (City, State, and ZIP Code) 


Monterey, California 93943-5000 Monterey, California 93943-5000 


| 





la NAME OF FUNDING: SPONSORING 8b OFFICE SYMBOL 9 PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER 
ORGANIZATION (if applicable) 





i¢ ADORESS (City, State. and ZIP Code) J 10 SOURCE OF FUNDING NUMBERS 


1 PROGRAM s PROJECT WORK UNIT 
ELEMENT NO 1NO ACCESSION NO 





1 TITLE (include Securty Classshication) 
Flow Visualization on a Small Scale 


. 
/ f 
: 











) PERSONAL AUTHOR(S) 
mxSOn. Ro : = Reece EGE a. 

Ja 'Y9@ OF REPORT 13d TIME COVERED 14 DATE OF REPORT (Year Month Dey) 41S PAGE COUNT 
aster's Thesi Ns, laste ae Ch 

3 SUPPLEMENTARY NOTATION 

The views expressed in this thesis are those of the author and do not reflect the 





Official policy or position of the Department of Defense or the U.S. Government. 

f COSAT! CODES | 16 SUBJECT TERFAS (Continue on reverse if necessary and identify by block number) 
A + £0 Flow Visualization; Flow Visualization Tunnel; 
— Helium Bubble; Smoke Wire; Aerosol Injection 
_ ae 


; LBSTRACT (Continue on reverse if necessary and identify by block number) 


| A quarter scale model of the planned renovated form of an existing 
slow visualization tunnel was designed and constructed to test the 
quality Of flow and for small scale research and flow visualization 
jJemonstrations. Three flow visualization techniques were developed, 
including nog Injyection,~ehelium bubbles, amd smoke wire. In addition to 
Selocity calibration and test section mapping of the tunnel, the latter 
zwo of these methods were used for visualizing flows around three 
lifferent shaped bodies as demonstration that the tunnel's design 
2bjectives were realized. Both techniques produced excellent photographid 
Meeuecs Of flows around a block of rectangular cross section, a circular 
meer and an airfoil. 


: 










, DS°R'IUTION: AVAILABILITY OF ABSTRACT 7 er ABSTRACT SECURITY CLASSIFICATION 

EJ CNCLASSIFIEDUNUMITED (CJ SAME As RPT CJ oric users Unclassified 

a NAME OF RESPONSIBLE INDIVIDUAL 22d TELEPHONE (include Area Code) | 22¢ OFFICE SYMBOL 
prof. J. Val Heale LF (408) 646-2804 Code 67He 

) FORM 1473, 84 MAR §3 APR edition may be used until euhauited SECURITY CLASSIFICATION OF TrtS PAGE 


Allotner editions are obsolete 
al 


UNCLASSIFIED 


Approved for public release; distribution is unlimited 


Flow Visualization on a Small Scale 


by 
Roy Lester Hixson III 
Commander, United States Navy 


B.S., Oregon State University, 1973 
M.B.A., Chapman College, 1982 


Submitted in partial fulfillment of the 
requirements for the degree of 


MASTER OF SCIENCE IN AERONAUTICAL ENGINEERING 


from the 


NAVAL POSTGRADUATE SCHOOL 
March 1988 


ABSTRACT 


A quarter scale model of the planned renovated form of 
an existing flow visualization tunnel was designed and 


constructed to test the quality of flow and for small scale 


research and flow visualization demonstrations. Three flow 
visualization techniques were developed, including fog 
injection, helium bubbles, and smoke wire. In addition to 


velocity calibration and test section mapping of the tunnel, 
the latter two of these methods were used for visualizing 
flows around three different shaped bodies as demonstration 
that the tunnel's design objectives were realized. Both 
techniques produced excellent photographic results of flows 
around a block of rectangular cross section, a circular 


cylinder and an airfoil. 
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Te eoDuUCc TION 


A. PURPOSE OF FLOW VISUALIZATION 

To increase knowledge and insight into the workings and 
effects of many physical processes, visual observation is 
often the most enlightening. In fluid flow problems, 
understanding of the physics of the flow is greatly enhanced 
through visual surveillance. By observing the flow patterns 
of a fluid around an obstacle, which may be stationary or 
variable with time, it is possible to obtain an idea of the 
complete development of the flow. 

Because most liquids are transparent, they are invisible 
to the human eye. Techniques must be developed, therefore, 
to make the flow visible. These techniques as a whole are 
called flow visualization and have continued to play an 
important role in understanding and solving fluid mechanics 
problems. 

In addition to basic understanding of flow phenomenon, 
quantitative data may also be derived from the flow picture 
and is of much greater importance. These techniques provide 
information about the flow field with minimum interference 
Semthe fluid. This is in contrast to a single flow 
measuring device, such as a hot wire or pitot probe, which 
provides single point data and always disturbs the flow to 


some degree. This disturbance can significantly affect the 


experimental results in certain types of flow phenomenon. 


Reefs. e! <p. 2) 


B. GENERAL METHODS OF FLOW VISUALIZATION 

As discussed by Merzkirch [Ref. l:pp. 2-3], methods of 
flow visualization can be classified into three basic 
categories. 

1. Visible Material Addition to the Flow 

First, and most common, are techniques in which a 

foreign material is added to the flowing fluid. The 
material must be visible and small enough so that it follows 
the motion of the fluid in direction and magnitude. 
Actually, the motion of the material is viewed instead of 
the fluid itself, and is thus an indirect observation. 
These methods are quite accurate for stationary flows but 
can have large errors for unsteady flows. Care must also be 
taken to ensure that the density and temperature of the 
material are as close to that of the fluid as possible to 
avoid errors. This is especially true in compressible 
flows. 

2. Optical Methods 

A second family of techniques was developed to avoid 

the problems associated with the first technique in 
compressible flows. Because the refractive index of a fluid 
is a function of the fluid density, compressible flows can 
be made visible by use of optical methods that are sensitive 


to this change in the index of refraction. 


A standard set-up would have a light beam 
transmitted through the flow field in which the beams' 
optical phase is altered with the change in density. An 
optical device behind the field provides recording through 
the uneven illumination caused by the phase change in the 
light beam as it passes through the compressible flow being 
studied. 

Optical methods are purely nondisturbing. However, 
quantitative evaluation can be difficult because the 
recorded information is in fact an integration of the 
density change along the light path. 

3. Energy Addition to the Flow 

A third technique is a combination of the first two. 
In this case the foreign matter introduced into the flow is 
energy, usually in the form of heat or electricity. Fluid 
elements are thus marked by their increased energy level. 
The particles, at times, require separate illumination to 
observe this increase in energy, however, some methods 
provide enough energy increase that the particles can easily 
be observed. 

This technique is most applicable to rarefied or 
low-density gas flows. To some degree, this technique does 


disturb the flow according to the amount of energy released. 


C. TECHNIQUES INVOLVING MATERIAL ADDITION 
Because current research at the Naval Postgraduate 


School (NPS) in Monterey, California is primarily centered 


around varieties of the first technique described above, 
further background will focus on these methods. 


The use of smoke for flow visualization at low subsenae 


speeds is traced to Dr. Ludwig Mach in 1893. Machs'! 
techniques included silk threads, cigarette smoke and 
glowing iron particles. During 1900-1901, E.J. Marey 


extended knowledge of liquid flows and produced excellent 
wood smoke photographs. Although many other small low speed 
wind tunnels followed these developments, Professor F.N.M. 
Brown at the University of Notre Dame was the first to 
develop a large three dimensional research smoke tunnel 
capable of speeds up to 67 meters per second in 1950. This 
tunnel was the successor to his work with two and three 
dimensional smoke tunnels which began in 1935. Brown is 
credited with most refinements to the various’~ smoke 
visualization techniques and many of his practices and 
designs have been copied in subsequent years. [Ref 2:p. 87] 

The generation of a thin jet of smoke into a stream of 
air is the most popular method of visualizing low turbulence 
flow patterns in air flow. By increasing the number of 
sources of the smoke and making them into a sheet, three 
dimensional flow studies may be performed. 

Streamlines, streaklines and pathlines are three curves 
that help describe the flow of a fluid. A streamline is a 
curve everywhere parallel to the direction of flow (also 


defined as the curve everywhere tangent to the instantaneous 


velocity vectors). A streakline is the locus of all 
particles that have passed through a fixed point during a 
specified period of time. And, a pathline is the curve 
traversed by an individual particle during a _ specified 
period of time. In steady flows, these three curves are the 
same. 

1. Smoke Wire 

There are some fundamental flow phenomena that 
require the ability to produce small but discrete smoke 
filaments (streaklines) and to locate these filaments 
accurately within the flow field so that small-scale details 
may be studied. One method that is quite simple and allows 
easy control of the generation of the smoke sheet is through 
the use of a smoke wire. In this design, which was 
initially proposed in the early 1950S by numerous 
researchers, a metal wire is painted with a mineral or 
vegetable oil. The wire is placed perpendicularly to the 
air stream after which a strong instantaneous electric 
current is sent through the wire to produce a white colored 
smoke mist suitable for photography. 

A series of photographs of the smoke movement 
illuminated by a strobe-light will reveal not only the 
movement but will yield the velocity distribution. Because 
the smoke mist is easily diffused into the flow, it should 
only be used for observation of stationary flows with 


relatively low speeds (less than 20 meters per second), and 


1s ideally suited to applications where the Reynolds number 
based on wire diameter is small (~-20.0). [Ref. 3:p. 9] 

More complex three dimensional flow fields may be 
studied and photographed by use of the smoke wire rake. 
This technique simply uses a long wire (or individual wires 
with a common current source) with multiple bends arranged 
to create lengths of wire parallel to each other. THaes 
structure is held together by an insulator "rake" at the 
bends (or ends of the individual wires). This complete 
smoke wire rake is then placed perpendicularly to the 
stream. 

It should be noted that the oil usually lasts for 
only one operation. Also, it takes a couple of milliseconds 
after applying the electric current until the mist is 
produced. 

2 aeeneect 10n 

The smoke tube or smoke injection method usually 
does not provide the fine details of the flow obtainable 
with the smoke wire technique. In this method the smoke is 
produced by a smoke generator that is separate from and 
outside of the flow tunnel. The smoke is then transferred 
to the area of interest via tubes where it can be injected 
through a nozzle directly into the flow field at or up- 
stream of the field of study. As with the smoke wire 


technique, multiple linear streams may be produced by use of 


a perpendicularly placed tube rake which will allow three 
dimensional analysis. 

Often the rake is placed outside the tunnel directly 
in front of the intake throat which allows the smoke streams 
to be contracted with the rest of the intake air. The 
result is smaller diameter, steadier streams which are more 
Suitable to fine detail photography. The placement of the 
rake outside the intake also permits the experimenter to 
easily and quickly move the smoke streams to desired 
locations within the flow field while the tunnel is in 
operation. When studying flows around specifically shaped 
objects, such as an airfoil, single or multiple point 
injection at particular points on the object allows careful 
and precise analysis of the stream lines from the injection 
points down-stream. 

3. Neutrally Buoyant Bubbles 

Injection of neutrally buoyant helium-filled bubbles 
(of about 1mm in diameter) into the air stream is a 
technique developed to alleviate some of the problems 
associated with diffusion of smoke mist or other methods 
using small airborne particles. As discussed by Goldstein 
[Ref. 4:pp. 341-342], the soap bubble is an ideal particle 
because its size and buoyancy can be controlled. The first 
use of soap bubbles for flow visualization in wind tunnels 
appears to be by Redon and Vinsonneau in 1936 at Marseille, 


France and through refinements evolved into the modern 


system begun by Hale, Tan, Stowell and Ordway in 1967. The 
complete system consists of a bubble generator, lighting and 
optical components for illuminating the bubbles. The bubble 
generator consists of a head in which the bubbles are 
actually formed and a console that supplies the constituents 


to the head. Neutral buoyancy is achieved by filling the 


bubbles with helium. The console meters the helium, a 
bubble film solution (BFS), and air to control bubble size, 
and weight. 


The paths traced by the bubbles map streakline 
patterns of the injected film air mixing with the 
mainstream. Unlike fog or smoke which diffuses rapidly, the 
bubble streaklines are clearly identifiable as continuous 
thread-like streaks which can be traced through the film 
injected region, and accordingly, may be used for flows 


where turbulence is involved. [Ref. 5:p. 45] 


II. CURRENT STATUS AT THE NAVAL POSTGRADUATE SCHOOL 


A. DESCRIPTION OF PRESENT FACILITY 

The current low speed/low turbulence wind tunnel at NPS 
is essentially a three dimensional smoke tunnel with helium 
bubble and aerosol (smoke mist) injection capability. 
Described by Bolinger [Ref. 6:pp. 16-18], the tunnel is 
modeled after the tunnel located at the Naval Engineering 
Laboratory in Philadelphia, Pennsylvania [{Ref. 7]. It draws 
air through three inches of honeycomb and a screen into a 9 
to 1 square bell contraction cone. The inlet area is 15 x 
15 feet and contracts to a 5 x 5 foot square test section 
that is 22 feet long. 

After flowing through the contraction cone and the test 
section, the air then passes through a set of louvers and 
transitions to a circular duct. Behind the louvers in the 
circular duct is the fan and motor used to drive the tunnel. 


The fan has variable pitch blades, which are used to control 


the tunnel velocity. Next, the exhaust air is turned 90 
degrees upward, where it is vented to the outside 
atmosphere. 


The roof and sides of the tunnel have a variety of 
plexiglass windows, ranging from 12 x 18 inches to over 4 x 
4 feet, which are used for viewing, lighting, and 


photographing models in the test section. To improve the 


photographic contrast, the interior of the tunnel is painted 


with low reflective flat black paint. 


B. NEED FOR A NEW TUNNEL 

Existing plans at NPS call for renovation and relocation 
of the current tunnel to a site approximately two miles from 
the main campus. The renovation will include changing the 
current square shape of the test section to rectangular to 
improve resolution of measurements around ship models and 
the addition of a small contraction cone at the end of the 
test section. Thus, a quality check of the flow in this new 
configuration is needed before final construction begins. 

With only one low speed/low turbulence flow 
visualization tunnel existing now and planned for the near 
future, researchers are limited to physical scales that 
match the size of the test section. Often, smaller scale 
research can produce equally informative results at a 
fraction of both the time and money, however, with only one 
tunnel this option is not currently available. 

As discussed earlier, flow visualization is often the 
most dramatic and useful tool in understanding fluid flow 
mechanics. The aeronautical engineering curriculum and the 
majority of other technical curriculum at the NPS include 
fluid flow analysis in their core courses. The use of flow 
visualization should therefore be among the basic tools used 
in teaching this area of study. However, because of the 


current tunnel's location and somewhat cramped viewing 
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station, it is unsuitable for class demonstrations where 
more than a few people are present. In addition, the 
current tunnel is in constant use for research and is 
therefore unavailable for demonstrations should the location 
and viewing station be updated. Besides, it is expected 
that it will be relocated soon. 

Therefore, a second smaller tunnel that could be used 
for class demonstrations, and small scale basic research is 
highly desirable. Additionally, if the design were close to 
that of the renovated tunnel, quality-of-flow analysis could 
be performed. 

The purpose of this investigation was twofold. The 
first portion of the study was to design and construct a 
small scale flow visualization tunnel within the design 
parameters listed in Chapter III. The second part was to 
incorporate three basic flow visualization techniques 
consisting of smoke injection, smoke wire and helium 


bubbles, and to demonstrate the latter two. 


11 


Iift. DESIGN PARAMETERS 


A. PHYSICAL DIMENSIONS AND MATERTALS 

The first concern was to ascertain the physical 
dimensions of the complete tunnel and the test section in 
particular. Initially, a decision was required on the 
material to be used and the cost of construction, which is 
directly related. Although commercial tunnels were 
available, their designs did not match closely enough the 
renovated tunnel which needed flow quality checks and, more 
importantly, they were very expensive. In trying to keep 
the costs at a minimum it was decided to use readily 
available materials (wood and plexiglas where appropriate) 
and any surplus assemblies, when available. Additionally, 
all design and construction would be performed in-house at 
NES. 

As a secondary mission, the tunnel will be used for 
demonstrating basic flow mechanics. Therefore, initial 
estimates called for a tunnel of overall size small enough 
to allow quick set up for class demonstrations. On the 
other hand, the device should be of sufficient size to allow 
viewing by a group of people, some of whom are not 
immediately close to the tunnel. 

The most complex assembly is the fan housing and motor 


mount. Because a complete surplus drive unit of wood/steel 
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construction was available, consisting of the fan assembly, 
90 degree turning vanes, motor mount, and exhaust air duct 
intact, this was the starting point for initial design. 
Combining the dimensions of this housing with the 
requirements listed above, design results best suited a one 
quarter scale model of the renovated tunnel, which would fit 
on a nine foot table. 

The resultant tunnel design, as shown in Figures 1 and 
2, draws air through one inch of 1/4 inch cell honeycomb and 
two screens, the first 1/8 inch mesh and the second 1/16 
inch mesh, into a 6.75 to 1, formed plexiglas, square bell 
contraction cone. The inlet of this cone has inside 
dimensions of 45 x 54 inches and contracts down to a 15 x 24 
inch plexiglas test section that is 70.75 inches long. The 
top of this portion is attached with hinges on one side to 
accommodate easy access to the test section. Included at 
the end of the test section is a 17.75 inch long rectangular 
Gemenwith a slight contraction of 1.6 to 1. This cone is 
designed after the cone to be installed on the refurbished 
tunnel and is included to insure realistic and similar 
Gualaty of flow. The entire tunnel from the test section 
forward can be rotated 90 degrees should experimentation 
require. 

After flowing through the contraction cone and the test 
section, the air then passes through a 14.25 inch long 


rectangular to octagonal shaped wood conversion section for 
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The Completed Tunnel 


Figure 2. 


connection to the salvaged fan and motor assembly. Design 
of this section is such that total area is constant from end 
to end, ensuring no additional contraction of the flow. 

The salvaged fan and motor assembly includes a fixed 
pitch four bladed fan and a 90 degree turn (with turning 
vanes) to exhaust the air vertically into the atmosphere. 
The fan is driven by a one horsepower, adjustable speed, 
d.c. electric motor manufactured by Minarik Electrical 
Company. Tunnel velocity is controlled by adjusting the 
speed of the motor. The controller for the motomaes 


mounted to the table, directly below the motor. 


B. CHARACTERISTICS OF TEST SECEro Pr le 

The current tunnel's air flow measurements’ were 
performed by Bolinger [{Ref. 6:pp. 18-21]. These tests 
revealed that at a reference velocity of approximately 9.1 
feet per second in the center of the tunnel, the velocity 
profile was almost uniform and the turbulence intensity was 
about 1%. For good quality flow visualization, ite 
desirable that the velocity profile be very uniform and that 


turbulence should be well below this 1% value. 


C. VISUALIZATION EQUIPMENT 

Because the renovated full scale tunnel's' future 
location is two miles from the main campus, the one quarter 
scale tunnel required its own separate visual-mechanics 


generating devices. To match the large tunnel's 
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Capabeereles Lor flow mgqual~ty checks; “and to ensure a 
variety of methods for demonstration and small scale 
research, three techniques were developed. 

1. Smoke Wire 

A smoke wire system, as depicted in Figure 3, was 
constructed using a dc power supply. This system was 
selected over ac for ease of control and because the steady 
current results in smoother and better-defined smokelines. 
Because of the relatively short duration of smoke generation 
for a single wire coating, it is important that the flow 
event being photographed, the lighting, the camera, and the 
smoke be properly controlled and synchronized. To 
accomplish this, a timing circuit was built using the design 
presented by Goldstein [Ref. 4:p. 333] (with slight 
modifications) and illustrated in Figure 4. 

The power set potentiometer controls the amount of 
current passing through the wire, and the pulse-length 
potentiometer controls the length of time this current is 
applied. The burst potentiometer can be switched into the 
circuit to enable the operator to control the frequency of 
current pulses during the burn, resulting in an intermittent 
pattern of smoke. The wire is heated and cooled because of 
the pulsed voltage; the smoke density varies in a similar 
manner, and streak-time lines can be formed. An additional 


potentiometer in this "switched" circuit controls the on-off 


ae, 


js 
‘hb 





Figure 3. The Smoke Wire System 
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period of these bursts. The corner delay . potentiometer 
controls the time delay before the camera is triggered. 

All these controls can be preset, reducing the 
photographing of a given event to a single-step operation. 
The circuit applies power to the smokewire, and, with the 
appropriate user-set delay, it activates the camera and 
lights using a solenoid attached to the camera trigger. 
After the controls are set, the wire is oiled using a cloth 
applicator, and the start button is depressed. This causes 
the smoke to be generated and the camera to be triggered 
when the smoke has reached the desired intensity and 
location. The timing circuit is invaluable in the practical 
application of the smokewire. 

2. Aerosol Injection 

Weighing cost against complexity of construction, a 
commercial theatrical fog and smoke machine was purchased. 
This device, a Rosco model 8211 series 3 machine, is a 
thermal fog generator designed for high velocity fog output, 
see Figure 5. The machine is part of a system [Ref. 8}, the 
other component being Rosco Fog Fluid. This unique fluid 
formulation will not flame, will not cause throat or eye 
irritation and will leave no oily residue because it 
contains no petroleum distillate. The operating 
temperature, air pressure, output nozzle and limiting 
orifice of the machine have been specifically set to 


maximize vaporization of the fluid. 
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Figure 6. The Helium Bubble System 
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To operate the system, fluid is placed in the 
reservoir which is in turn pressurized to about 30 lbs. per 
square inch. Fluid is drawn from the tank and forced at 
high pressure into the heat exchanger where it is heated to 
a temperature above its vaporization. When the heat 
exchanger has reached its operating temperature, the 
operator applies power to the solenoid valve, allowing fluid 
into the heat exchanger. The heated and pressurized liquid 
is then discharged through the nozzle orifice where it 
vaporizes and, upon mixing with cooler air, condenses into 
millions of fine particles of .5 to 25 microns (controllable 
with output). This fog then passes through a one inch 
inside diameter plastic pipe for injection into the desired 
test locations, depending on specific research needs. 

3. Helium Bubbles 

A helium bubble system was constructed based on the 
system described by Hale [Ref. 9] and currently in use in 
the full scale tunnel. It consists of a bubble generator 
console, a low speed bubble ejector head, and a neutral 
density bubble centrifuge, as shown in Figure 6. The head 
consists of three concentric tubes. Helium traveling 
through the inner tube is inserted into the bubble film 
solution (BFS) passing through the annular passage. The 
bubbles are blown off the tip of the head by a continuous 
blast of air through the shroud passage. The bubble size, 


density, and rate of generation are controlled by adjusting 


Ai 


the helium and bubble solution micrometering valves at the 
console. Small bubbles of about 1/8-inch diameter are 
generated in the head at a rate of up to 500 bubbles per 
second. 

Neutrally buoyant bubbles are usually generated at 
near maximum helium flow rates. However, it is extremely 
difficult to maintain this precise mixture of helium and 
bubble solution. Since it is critical to use neutrally 
buoyant bubbles in order to correctly trace the flow, a 
neutral density bubble centrifuge was constructed and used 
in series between the console and ejector head. 

The centrifuge allows for a much larger range of 
mixtures of the helium and bubble solution and sorts out the 
light and heavy bubbles, thus insuring that only neutrally 
buoyant bubbles are allowed to leave the unit. After 
leaving the centrifuge, the neutrally buoyant bubbles pass 
through a 1/2 inch inner diameter plastic pipe to be entered 
in the flow at differing locations as research requires. 
Because of the small size and low reflectivity of the 
bubbles, careful selection of light sources and extreme care 


in their placement is required. 
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IV. FLOWS AROUND BODIES 


Flows around various shapes, including both streamlined 
and unstreamlined bluff bodies, have been studied for years 
using differing flow visualization techniques. Because 
these studies have been carried on by so many researchers, 
bluff body flow phenomena can be used as a baseline check 
for new flow visualization facilities. 

Flows past unstreamlined structures often produce 
oscillating instabilities. Mueller [Ref. 2:p. 340] notes 
that these instabilities lead to an organized and periodic 
shedding of vortices in the wake as the flow separates 
alternately from the body. The flow field exhibits a 
dominant frequency and thus, the drag and pressure forces 
acting on the body are also unsteady. For uniform flows 
past stationary structures, universal similarity exists in 
the wake of such structures. Examples of unstreamlined 
bluff bodies include those with rectangular cross section, 
cylinders (with axis perpendicular to the flow) and spheres. 

The most common example of a streamlined body is an 
emer ftoil. Many studies have been performed concerning the 
laminar flow around differing shaped airfoils and the 
resulting transition from laminar to turbulent flow as the 
angle of attack is increased. This transition may be 


described as a series of events that take place more or less 
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continuously, depending on the flow problem. Sinee 
turbulence is essentially a three-dimensional phenomenon, 
the breakdown of a two-dimensional laminar flow may be 
viewed as the process whereby finite-amplitude velocity 
fluctuations, or traveling wave disturbances, acquire 
Significant three-dimensionality. More graphically, 
turbulence is that process where parallel two-dimensional 
vortex flow lines become a totally disorganized three- 
dimensional intertwined jumble. (Ref. 2:p. 337] 

To ensure that the techniques developed in this 
investigation are capable of being used for the purposes 
listed in Chapter II, flows around three shapes of bodies 
were investigated. A 3 1/2 inch aluminum cube was used for 
the photographs of flow around a block of rectangular cross 
section. A vertically mounted, 1 1/2 inch diameter, 15 inch 
long aluminum rod was used for the photographs of flow 
around a cylinder. And, for the photographs of flow around 
an airfoil, a 15 inch long NACA 63-215 airfoil with 3 1/2 
inch chord was constructed of wood. 

All three bodies were bolted through the floor of the 
test section, directly in the middle both laterally and 
Longa cudamal vi. Both the cylinder and airfoil were long 
enough to stretch from the floor to the ceiling of the 


tunnel. 
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V. FINAL SET UP AND RESULTS 


A. VELOCITY AND TURBULENCE MEASUREMENTS 

A permanent pitot static probe was installed in the 
ceiling (and door) of the tunnel, four inches upstream of 
the end of the constant area part of the test section and 
centered laterally. The tube protruded 3 1/4 inches into 
the flow to ensure avoidance of boundary layer interference. 

For calibration, velocity was measured against both 
actual RPM of the motor and percent RPM of the controller. 
The results of these measurements are shown in Table l. 

The percent RPM of the controller is a direct gage 
readout. However, to measure the actual RPM of the motor a 
digital optical tachometer was' used. This instrument 
operates by directing a collimated light beam onto a 
reflective marker attached to the rotating motor shaft. The 
reflected pulses are compared against an internal time base 
and resultant RPM is read directly from an LED readout. 

The total pressure and static pressure lines from the 
pitot static probe were attached to an Airflow Developments 
Ltd., Model EDM 2500 E, micromanometer. Velocity could then 
be indirectly measured by using the pressure difference 
reading on the manometer gage (in hundredths of inches of 
water) and converting through the formula 

20, gdh 1/2 ie 


y = 
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TABLE 1 


TUNNEL VELOCITY CALIBRATION 
(T = 520 deg R) 








% RPM RPM ricHEe VEL (fpem 
5 66 —— — 
10 160 
15 245 .0025 3. 3m 
20 335 .0030 3.62 
25 437 .0070 5.53 
30 521 .0100 6.61 
35 619 .0115 7.09 
40 709 .0160 8.36 
45 809 .0200 9.35 
50 892 .0250 10.46 
55 980 .0300 11.45 
60 WO72 .0350 12 3207 
65 1168 .0415 13 0497 
70 1265 .0500 147 
75 1358 .0580 15.93 
80 1452 .0650 16.86 
85 1549 .0750 18.2 im 
90 1642 .0850 19.28 
95 eg .0950 20.38 
100 1805 .1150 22 a8 
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A good tunnel must have very uniform flow across the 
test section. The uniformity was checked using a seven tube 
pitot static rake which was constructed to hasten the 
measurements; see Figure 7. The rake was mounted vertically 
with the individual tubes 2 inches apart. After a set of 
measurements was taken, the rake was moved 2 inches 
laterally from the previous position where another set of 
measurements was’ taken. This procedure enabled mapping 
every two inches both vertically and horizontally across the 
test section. These measurements were in hundredths of 
inches of water as read through the same micromanometer used 
in the velocity calibration. The conversion to velocity was 


also the same as that used in the velocity calibration. 





Figure 7. The Pitot Static Rake 
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To map the entire 15 x 24 inch cross S@CEl1GhuNce 
individual readings and 12 rake locations were required, 
with results listed in Table 2. With calibration velocity 
set at 9.35 fps, the mean velocity equaled 9.21 fps, a 
difference of 1%. Before each set of rake readings was 
taken, the micromanometer was reattached to the permanent 
pitot static probe to ensure calibration of the tunnel to 
.02 inches of pressure (9.35 fps). 

Turbulence intensity was measured using a hot wire 
anemometer, located in the center of the flow field at the 
downstream end of the test section. Turbulence intensity 
varied from .7 to 1.05% over the velocity range of the 


tunnel. 


Be SMOKE WIRE 

The smoke wire was mounted horizontally, 5 1/4 inches 
above the floor and 1 inch downstream from the front of the 
test section when using both the cylinder and airfoil. 
Because the block of rectangular cross section was only 
3 1/2 inches high, the wire was located 2 inches horizon- 
tally from the floor when studying that shape. 

After coating the wire with vegetable oil, manual 
activation of the wire resulted in a smooth sheet of smoke 
which lasted for approximately 3 seconds. Manual operation 
allowed control of the current flow timing in response to 
differing amounts of oil on the wire. The auto mode 


resulted in oil being left on the wire or current flow after 
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the oil had burned off. To keep the sheet neatly intact a 
tunnel velocity of 3.3 feet per second was used. 

All test runs were conducted at night because 
reflections from skylights in the lab facility prevented 
unimpeded daylight photography. To illuminate the smoke 
sheet, three spot-lights were used. One was positioned over 
the test section for general illumination and two others 
were place on either side of the tunnel to illuminate the 
smoke sheet. To eliminate reflections and provide a 
contrasting background to the smoke, flock paper was applied 
to the floor of the test section. 

A Nikon model N2000, 35 mm camera was used for all 
photographic recording. Best results came from positioning 
the camera approximately 2 feet above the smoke and shooting 
down at a small angle from vertical, over the body being 
studied. Kodak TMAX ASA-400 film was used with a shutter 
speed of 1/250 second and an aperture setting of f-1.4. The 


resulting photographs are shown in Figures 8-13. 


C. HELIUM BUBBLE 

The helium bubble nozzle was inserted through the floor 
of the tunnel, 1 inch downstream from the front of the test 
section and laterally in the middle. The nozzle rose above 
the floor 5 inches when using either the cylinder or airfoil 
and 2 inches with the cube. Fine adjustment of the control 
box resulted in bubbles of approximately 1/16 to 1/8 inch 


diameter being introduced into the flow. A velocity of 9.35 
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Figure 8. Smoke Wire Systems. Flow Around Block 





Figure 9. Smoke Wire System. Flow Around Block 
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Figure 10. Smoke Wire System. Flow Around Cylinder 





Figure 11. Smoke Wire System. Flow Around Cylinder 
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Figure 12. Smoke Wire System. Flow Around Airfoil 
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Figure 13. Smoke Wire System. ~ Flow Around Airfoil 
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feet per second was used with this technique to give smooth 
bubble flow and to match the velocity used with helium 
bubbles in the full scale tunnel. 

Again all runs were conducted at night to prevent the 
reflection problems caused by the skylights. However, when 
photographing the helium bubbles, correct placement of 
lighting was much more critical. No general lighting was 
used because it caused the light from the bubbles to blend 
in with the ambient light. 

Initially, the bubbles were lit with directed spot 
lights, and, even though the bubbles were visible to the 
naked eye, the camera was unable to contrast them from the 
two aluminum shapes or even the flock paper for acceptable 
photographs. Finally, best results came from an arc lamp 
beam directed through the intake screens onto the helium 
bubble stream, combined with a small lamp to illuminate the 
bubbles as they moved downstream past the different bodies. 
Also, both the aluminum block and cylinder were painted flat 
black, and black cleth was draped over the portion of the 
test section not being used to further eliminate any stray 
Light. 

The Nikon model N2000 camera was used with placement in 
relation to the tunnel and bodies similar to that used with 
the smoke wire. However, for this method of flow 
visualization, photographs of the streaklines that the 


bubbles make as they flow around the various shapes is the 
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desired result. Therefore, the shutter speed needs to be 
slow enough to allow the bubbles to traverse a great enough 
distance. To accomplish this the shutter speed was set to 
1/4 second which allowed the bubbles in the free stream to 
travel approximately 28 inches. After the shutter speed was 
set, different aperture settings were tried with best 
results coming from a setting of f-1.4. Again, TMAX ASA-400 
film was used. The resulting photographs are shown in 


Figures 14-19. 
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Figure 14. Helium Bubble System. Flow Around Block 





Figure 15. Helium Bubble System. Flow Around Block 
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Figure 16. Helium Bubble System. Flow Around Cylinder 
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Figure 17. Helium Bubble System. Flow Around Cylinder 
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Figure 18. Helium Bubble System. Plow Around Airfoil 





Figure 19. Helium Bubble System. Flow Around Airfoil 
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VI. CONCLUSIONS AND RECOMMENDATIONS 


A. APPLICABILITY OF RESULTS TO REQUIREMENTS 

Construction to one quarter scale will allow quality-of- 
flow testing for the planned renovated tunnel. Initial 
velocity mapping reveals that the velocity profile is almost 
uniform across the test section, with mean velocity 
@iffering from calibrated velocity by only 1%. Addition- 
ally, overall tunnel turbulence intensity was below 1%. 

The relatively small overall size allows placement of 
the tunnel in the lab facility where there is easy access to 
viewing and use. The ability of the tunnel to provide 
satisfactory flow visualization was demonstrated using two 
techniques. Additionally, the tunnel demonstrated a rather 
large velocity range. This capability combined with the 
relatively small size should facilitate further development 
for small scale research and flow visualization demonstra- 


tions which were the two other objectives of this study. 


B. IMPROVEMENTS AND FUTURE WORK 

Because the scale on the micromanometer was too large, 
the velocity measurements of both the permanent pitot static 
probe and rake were subject to human errors in reading the 
gage. More accurate readings could be made using an 
instrument with smaller scale or a hot-wire set up capable 


of direct digital readings. In this same vein, future work 
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should include complete mapping of the test section from 
front to back, including the small contraction section. 

Secondly, the entire tunnel is subject to very small 
vibrations resulting from the fan and motor assembly not 
being perfectly balanced. At certain velocities, such as 
62% RPM, the vibrations become resonant and shake the intake 
section to a small but unsatisfactory level. To eliminate 
this problem, future installation of a motor shaft bearing 
which is secured separately from the fan housing should be 
accomplished. 

Finally, the quarter scale tunnel is currently located 
in front of the intake of the larger tunnel so that the 
exhaust may be sucked out of the building using the larger 
tunnel's exhaust port. This requires operation of both 
tunnels even though only the smaller one is in use and 
precludes the use of the larger tunnel whenever the smaller 
one is operating. Construction of a separate exhaust port is 
required for efficient and economical use of the lab 


faci la ey. 
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